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ABSTRACT This article presents, for the first time, new design and fabrication techniques for Hollow
Substrate Integrated Waveguides (HSIWs), demonstrated in the nominal frequency from 21 to 31 GHz,
for use in wireless communication applications such as 5G, IoT and robotics. The design and fabrication
techniques introduced in this paper feature: 1) the use of low-cost rapid prototyping additive manufacturing
based on polymer jetting (PJ), and 2) the use of commercially available through-substrate copper via
transitions. In contrast to the conventional SIW designs and fabrications, this new approach does not
rely on through-substrate via fabrication, hence avoiding some difficult manufacturing steps, such as
through-substrate etching, via formation and via metallization, which are considered complex and expensive
to implement. The 3D printed HSIWs in this article can achieve a propagation loss of lower than 1.56 Np/m
(13.55 dB/m), which is considered one of the results with the lowest propagation loss achieved to date, when
compared to the state-of-the-art.
INDEX TERMS Substrate integrated waveguide, millimeter waves, additive manufacturing.
I. INTRODUCTION
Transmission lines are crucially important in many high
frequency applications and are used in RF, microwave,
millimeter-wave (mmWave) and terahertz systems. There are
many types of transmission line structures such as rectangular
waveguide (RWG), coaxial cable, microstrip line, stripline,
coplanar waveguide (CPW) and, more recently, substrate
integrated waveguide (SIW) [1]–[8]. RWGs generally pro-
vide many advantages compared to the other conventional
transmission line types, such as extremely low propaga-
tion loss, high power-handling capability and superior mea-
surement repeatability for many precision test applications.
The associate editor coordinating the review of this manuscript and
approving it for publication was Kuang Zhang.
However, they are relatively bulky and cannot easily be inte-
grated with active devices and integrated circuits to realize
wireless communications transceivers in mass production.
Coaxial lines are widely used as interconnections between
high frequency components/devices working up to a few
hundreds of GHz but they are also not suitable for integra-
tion with high frequency integrated circuits and subsystems
such as RFICs or MMICs [1], [3]. Microstrip and CPW are
extensively used in integrated circuit technologies because
they provide a low-cost and planar solution, are simple to fab-
ricate, and convenient for integration with both passive and
active circuit devices [4]–[8]. Recently, SIWs have attracted
a great deal of research interest and industrial development
because they combine these advantages with some of the
performance capabilities of RWG: They have low physical
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profile, high Q-factor, good power-handling capability and
are easy to integrate with other planar circuits, active devices
and integrated circuits [9]– [11].
SIWs can outperform other planar transmission line tech-
nologies, such as microstrip or CPW, because of their
lower propagation loss and higher power-handling capability.
Moreover, microstrip and CPW structures have undesired
electromagnetic (EM) radiation and usually suffer from sig-
nal dispersion at millimeter-wave and terahertz frequencies,
which can significantly degrade the efficiency and perfor-
mance of functional components [12]–[15]. In [16], SIW is
shown to have similar propagation characteristics and perfor-
mance when compared to the conventional RWG. The mode
of electromagnetic (EM) wave propagation inside an SIW
resembles that used in a conventional RWG. Its loss mecha-
nisms are similar and loss is attributed to three factors: finite
metal conductivity (αc), dielectric loss (αd ) and radiation
leakage (αr ).
There are two main types of SIW that have been reported
during the last decade [17]–[20]: 1) dielectric-filled, which
is most common, and 2) hollow substrate integrated waveg-
uide (HSIW). In [20], a slot antenna demonstrated based on
a dielectric-filled SIW structure using the electrodeposition
fabrication was presented. It consists of very thin and closely
spaced metallic wires to reduce the leakage loss but the
propagation loss was compromised due to the lossy dielectric
substrate.
Generally, the main reason to select HSIWs over dielectric-
filled SIWs is due to the dielectric loss of the substrate
used to fill the waveguide cavity. There are many research
works that developed the HSIW-based functional devices
by removing the dielectric material inside the waveguide
structures [21]–[29], e.g. by using a multi-layered printed
circuit board (PCB) structures. Moreover, the HSIWs can
preserve many advantages inherited from SIWs and RWG,
such as high level of system and circuit integration as well as
high Q-factor and high power-handling capability [30], [31].
In [23], HSIW was used in a multilayer U-band phase shifter,
fabricated using a standard PCB process, showing a signifi-
cant improvement in the attenuation; from 40 dB/m to only
12.2 dB/m. Similarly, in [24], an air-filled SIW (AFSIW)
fabricated using a standard multilayer PCB process, with
a lossy FR-4 substrate, was demonstrated at 27-40 GHz
and achieved a measured attenuation constant as low as
0.51 Np/m (4.43 dB/m).
In general, air-filled SIWs have low transmission losses
but require more complex manufacturing processes and are
particularly dependent on through-substrate via-hole fabri-
cation which implies higher fabrication cost. For example,
the HSIWs in [25] and [26] used very costly low-temperature
co-fired ceramic (LTCC) processes, which suffer from high
fabrication and material costs as well as thermal shrinkage
of substrates, drastically reducing the fabrication reliability
and accuracy. In [26], an average attenuation constant of
as low as 17.37 dB/m or 2 Np/m was reported. In [27],
an ‘‘empty’’ SIW was demonstrated with an exceptional
transmission loss of 0.8 Np/m at 19.5 GHz by completely
removing all dielectric material in the structure using the
standard PCB fabrication process. However, all reported
HSIWs used PCB, LTCC or similar fabrication techniques
that rely heavily on through-substrate transitions and vias,
resulting in higher manufacturing cost and a complex fab-
rication process, especially at millimeter-wave frequencies
and beyond. In [32], the metallic vertical walls of the tradi-
tional SIW were replaced by using a Bragg structure, reduc-
ing the overall propagation loss but the fabrication method
is complex and the fabrication costs are comparatively
large.
This article presents a novel design and fabrication
approach for realizing HSIW at low cost by using a sim-
ple fabrication process that combines two manufacturing
techniques: 1) additive manufacturing based on polymer
jetting (PJ), and 2) integration of commercially-available
prefabricated through-substrate copper via transitions. The
3D-printed HSIWs demonstrated in this article cover the
operational frequency range from 21 to 32GHz, which covers
many of the wireless communication frequency bands used
for 5G, IoT and robotics. The novel design and fabrication
approach has several advantages when compared to con-
ventional fabrication techniques such as PCB, LTCC and
cleanroom processes. Firstly, additive manufacturing tech-
niques have been proven to be very useful for the low-cost
rapid-prototyping of high-frequency components from only
a few MHz to THz [33]–[38]. Secondly, by using the com-
mercially available prefabricated through-substrate via tran-
sitions, the manufacturing of through vias can be massively
simplified, which is in contrast to the conventional fabrication
processes that require many complicated fabrication steps
such as through-substrate etching, via forming and electro-
plating to metallize the through-substrate via-holes. Thirdly,
since the through-substrate vias are already prefabricated,
the reliability of the through-substrate vias and the fabrication
of the vias are highly reliable, resulting in high fabrication
yields.
II. ANALYSIS, DESIGN AND FABRICATION
A. STATE-OF-THE-ART 3D PRINTING TECHNIQUES
As comprehensively reported [39], 3D printing techniques
are generally classified into five categories: fused deposition
modeling (FDM), stereolithography apparatus (SLA), digital
light processing (DLP), selective laser sintering (SLS), and
polymer jetting (PJ).
The FDM technique uses thermoplastic materials, which
come in filament form. This technique constructs the model
by depositing the melted filaments along pre-determined
paths. This technique results in the lowest printing resolution
and high surface roughness. The standard layer heights of a
single printed path range from 50 to 500µm, which is limited
by the nozzle size and the viscosity of the filament materials.
However, material-extrusion based 3D printing techniques
such as FDM are known to suffer voids within the printed
parts [40].
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The SLA andDLP techniques use a light source to pattern a
3D structure by selectively curing resin-based photopolymer.
The light sources of the SLA and DLP techniques are a laser
beam and an ultraviolet light, respectively. The resolution of
these techniques depends on the spot size used to pattern the
3D structure. The best printing resolutions of the structure
height for the SLA and DLP techniques are typically 25 µm
and 1 µm, respectively. A surface roughness of less than 10
µm can be achieved by these techniques.
The SLS technique patterns a polymeric powder mate-
rial layer-by-layer using a high-intensity laser beam for
selective sintering. The best printing resolution for the
SLS technique is typically 20 µm for the structure height.
The printing resolution depends on the microparticle size
of the powder material. However, this technique has a
very limited choice of materials for the microparticle
powders, limiting its use for microwave and mm-wave
applications.
The PJ technique provides the best printing accuracy and
resolutions compared with the other four techniques. This
technique is like inkjet printing because it uses a nozzle head
to drop liquid photopolymer onto the printing area. The pho-
topolymer materials are cured by UV light to create the 3D
patterned structure step-by-step. The best printing resolution
is approximately 14 µm for the structure height. The surface
roughness is less than 10 µm.
For this work, the PJ technique was selected for fabricating
the HSIW because this technique provides the best printing
accuracy and resolution and offers the smallest surface rough-
ness, while still achieving low fabrication cost.
B. THEORETICAL ANALYSIS AND DESIGN
The detailed geometry of the novel 3D printed HSIW is
depicted in Fig. 1. Fig. 1(a) represents the 3D exploded view
of the HSIW structure consisting of four different parts: (1)
the commercially prefabricated through-substrate copper via
transitions, (2) the top copper sheet being laser-patterned
and containing the microstrip feeds and microstrip-to-SIW
transitions as well as circular etch-hole array, (3) the
3D printed substrate using standard acrylonitrile butadiene
styrene (ABS), and (4) the laser-patterned bottom copper
sheet with circular etch-hole array and microstrip grounds.
Fabricated into the top copper sheet, 50-ohm microstrip lines
are used as EM-mode transitions between the 2.4-mm coaxial
connectors and the HSIW structures which have a charac-
teristic impedance of 48-ohm [41]. The bottom copper sheet
was also laser-patterned and contains the ground planes of the
microstrip transitions and the circular etch-hole array to form
the HSIW metal fence posts. The standard ABS 3D-printing
material, with a dielectric constant, εr , of 2.75 and a loss tan-
gent, tan δ, of 0.025 [39], [42]–[44], was used to fabricate the
hollow substrate structure sandwiched with two aforemen-
tioned laser-patterned copper sheets on the top and bottom
of the substrate. The substrate thickness, Ts, was selected to
be 0.5 mm for the 3D-printed HSIWs, which is matched to
the thickness of the readymade copper via transitions and
FIGURE 1. Schematic diagrams of the novel HSIW in this paper: (a) 3D
exploded view, (b) top view with all design parameter, and (c)
cross-sectional view of the HSIW.
offers ease of impedance matching between the microstrip
transition and the HSIWs.
Commercially prefabricated through-copper via transitions
were used to assemble and firmly attach all three previ-
ously fabricated parts by using the Through Hole Mechan-
ical Press [45]. Figures 1(b) and 1(c), represent the top
view and the cross-sectional view of the 3D-printed HSIW,
respectively. The values of the design parameters are shown
in Table 1. The HSIW structure and all microstrip transitions
are designed and optimized by using the 3D full-wave EM
simulation package CST Studio Suite [46]. The 3D-printed
HSIW in this article was optimized for the operating fre-
quency range of 21-31 GHz, which is suitable for many appli-
cations in high-speed 5G, IoT and robotic communications.
In [25], the theoretical analysis is investigated for the prop-
agation mode inside a HSIW, which is an EM combination
between the conventional RWG and SIW structures. The
effect of the dielectric portion inside a hollow waveguide can
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TABLE 1. The Design Parameters of the HSIWs.
where a1 is the width of the dielectric filling inside the hollow
SIW as shown in Fig. 1(c), εr is the dielectric constant of the
substrate material, andWHSIW is the width of the HSIW struc-
ture. The lower the value of q, the more the structure behaves
like the conventional RWG. According to [25], the maximum
value of q used to design the HSIW should be lower than 0.35.
The q of the 3D-printed HSIW was carefully determined by
considering the fabrication resolution of the 3D printer used
in this work, which can provide the minimum a1 of 0.4 mm
and, therefore, the q value of 0.175 is calculated by using
equation (1). The cutoff frequency of the 3D-printed HSIW
is chosen to be 21 GHz to provide the operational frequency
range of 21 to 31 GHz. Therefore, the WHSIW can be calcu-
lated by using equation (2): where c0 is the velocity of light





0.999+ 4.946× 10−4 × e(9.406q)
] (2)
Svia ≥ Hvia (3)
The readymade through-copper vias used in this work are
offered by Fortex and have an outer diameter of 1.6 mm
and an inner diameter, Dvia, of 1.2 mm [45]. The cap of the
prefabricated copper vias have a diameter, Hvia, of 2.6 mm,
therefore, the minimum spacing between two adjacent vias,
Svia, can be calculated and chosen using equation (3), so the
caps of the prefabricated vias will not collide with each other
after fabrication. To minimize EM leakage losses through the
substrate (αr ), the optimum space of 2.6 mm between two
adjacent vias, Svia, was chosen.
Figure 2 illustrates the simulated electric field (E-filed)
of the 3D-printed HSIW with a length of 46.8 mm at a
frequency of 26 GHz, which is the center frequency of the
selected frequency band. The ratio between the maximum
guided E-field inside the hollow of the HSIW and maximum
leaked E-field into the substrate of 7.275×10−3 is calculated,
implying that the leaked E-field of the 3D-printed HSIW can
be neglected.
FIGURE 2. Electric field distribution at 26 GHz inside the proposed HSIW
with the length of 46.8 mm.
An effective dielectric constant, εe, is a virtual dielectric
parameter that combines the material properties of air and the
dielectric substrate of the partially loaded RWG [25], [26].
The effective dielectric constant, εe, is calculated as follows:-
εe = ε0εr,eff (1− j tan δeff ) (4)
where, ε0, which is permittivity of free space, is
8.85 ×10−12 F·m−1, εr,eff is effective relative permittivity
and tan δeff is effective loss factor. As in [25] and [26],
to calculate the effective dielectric constant, εe, it is necessary
to first calculate the value of the effective permittivity, εr,eff ,
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where, a1 is the width of the dielectric filling inside the HSIW
and a2 is the width of the air filling inside the HSIW, which
can be calculated from a2 = WHSIW – 2a1. The kx1 and kx2 are
the x-direction wavenumber inside the HSIW in the dielectric
and air, respectively.
The calculated effective relative permittivity, εr,eff , and
normalized effective loss factor, tan δn, of the 3D-printed
HSIW are plotted in Fig. 3, which shows that εr,eff varies
from 1.00309 to 1.00337 and tan δn varies from 5.64× 10−3
to 6.80 × 10−3 for the whole single-mode operating band.
The trend is for εr,eff and tan δn to increase with frequency
towards the end of the single propagation mode at f /fc = 2.
The plots in Fig. 3 indicate that the values of εr,eff and
the tan δn are close to an air-filled structure. The effective
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FIGURE 3. Calculated effective relative permittivity, εr,eff, of the loaded
RWG with two dielectric materials, which are air and ABS with the
dielectric constant of 2.75, following Eqn. (5) and the normalized effective
loss factor, tan δn, following Eqn. (6).
TABLE 2. List of Material Properties Used in Transmission Line
Simulations.
dielectric constant, εr,eff , is nearly equal to one and the nor-
malized effective loss factor, tan δn, gives a negligible angle
value.
C. DESIGN COMPARISON
As illustrated in Fig. 4(a)-(c), a comprehensive design study
investigating the figure of merit of different planar trans-
mission lines was conducted and supported by EM simula-
tions comparing conventional structures, e.g. microstrip and
CPW, with the 3D printed HSIW. Commonly used substrate
materials for microstrip lines and CPWs, such as Roger
RT5880 and high resistivity silicon (with resistivity more
than 4 k-cm), were chosen and compared to ABS for their
propagation characteristics. The material properties used in
all transmission line simulations are presented in Table 2.
The AWR TX-LINE is used to preliminary calculate the
dimensions of microstrip and CPW structures before con-
ducting the 3D full-wave simulations [47]. The multiline
calculation technique is employed to extract the attenuation
and phase constants through the simulated S-parameters.
Therefore, at least two different lengths of each transmis-
sion line are required and simulated [48], [49]. Figure 4(d)
shows the simulated attenuation constant of the 3D-printed
HSIW compared with the conventional planar transmission
lines, both microstrips and CPWs. Microstrip transmission
lines, simulated with substrate materials of standard ABS,
RT5880, and HRS achieve average attenuation constants
of 9.480 Np/m (82.29 dB/m), 0.622 Np/m (5.39 dB/m), and
0.863 Np/m (7.49 dB/m), respectively, in the frequency range
FIGURE 4. 3D views of the transmission line geometries used to
compare their figure of merit in this work: (a) conventional microstrip
line, (b) standard coplanar waveguide, (c) 3D-printed HSIW, and (d) the
extracted attenuation constant of the all aforementioned transmission
lines with different substrate materials (simulated).
from 21 GHz to 31 GHz. The CPW designs with the same
substrate materials have attenuation constants of 5.037 Np/m
(43.72 dB/m), 0.397 Np/m (3.45 dB/m), and 0.418 Np/m
(3.63 dB/m) using ABS, RT5880, and HRS, respectively.
Although the microstrip and CPW transmission line designs
using ABS substrates have higher signal attenuations as com-
pared to the designs using RT5880 and HRS, the ABS sub-
strate does not show any significant increase in attenuation
constant for the HSIW case. From Fig. 4(d), all microstrip
transmission lines and CPWs clearly suffer from both radia-
tion and material losses when the frequency increases, while
this is not the case for the 3D-printed HSIWs. Moreover, even
though some microstrip and CPW designs using RT5880 and
HRS substrates exhibit slightly lower attenuation constant
compared to the ABS-based HSIW, these substrate materials
are normally at least 100x more expensive compared to ABS.
D. HSIW FABRICATION AND ASSEMBLY
Figure 5(a) shows the fabricated HSIW component parts for
the length of 46.8-mm. There is a laser-patterned top and
11754 VOLUME 9, 2021
G. Savvides et al.: 3D Rapid-Prototyped 21-31-GHz HSIWs for Low-Cost 5G IoT and Robotic Applications
FIGURE 5. Fabricated HSIW prototype before and after assembly. (a) The
3D-printed HSIW is composed of the top and bottom laser-patterned
copper sheets containing microstrip feed transitions and HSIW etch-hole
array, and 3D printed ABS substrate with the total length of 46.8 mm. The
right hand pictures show the fabricated HSIW after assembly with three
different lengths of (b) 46.8 mm, (c) 52.0 mm, and (d) 91.0 mm, mounted
with relaunchable 2.4-mm coaxial connectors at the end of microstrip
feed lines.
bottom copper sheet and the 3D printed waveguide substrate
formed of ABS. Figure 5(b)-5(d) show the manufactured
and assembled HSIW prototypes of three different HSIW
designs with lengths of 46.8 mm, 52.0 mm, and 91.0 mm,
respectively. First, the top and bottom copper sheets are
made of a 99.9%-purity copper sheet with the thickness of
0.15 mm [50]. The sheets were cut into the desired shapes
by using the water laser cutting technology (Laser-MicroJet
Cutter) to form the microstrip feeds and matching transitions
as well as circular etched-hole arrays [51]. For the 3D printed
substrate, Stratasys Object1000 3D printer is used to fabricate
the substrate of the HSIWwith ABSmaterial [52]. The whole
fabrication process is considered a very cost-effective preci-
sion manufacturing compared to other fabrication methods as
summarized in [53].
The ABS-based HSIW structure was assembled by using
commercial ready-to-use through-copper via transitions to
firmly attach all fabricated copper and ABS layers together,
avoiding the utilization of the complicated and costly con-
ventional via and through-substrate fabrication process,
e.g. through-substrate etching, electroplating for through
via metallization and wet etching using various chemicals.
The ABS-based HSIW structure is mechanically attached
and fixed between the top and bottom copper sheets by
using commercial ready-to-use through-copper via transi-
tions. The commercial prefabricated through-copper via array
is mechanically compressed by using the mechanical PCB
through-hole-plating press tool [45], firmly fixing all the
SIW parts together. Moreover, four screws are used to further
fixing the SIW parts, shown in Fig. 5(b). These screw holes
are also used as the connector alignment hole to accurately
align each part of the SIW together. The final assembled 3D
FIGURE 6. Simulated and measured S -parameters of the 91.0 mm-long
3D-printed HSIW over the operational band of 21-31 GHz. The plot also
shows the effect of the 2.4mm coaxial connectors on the S-parameters
(simulated).
printed HSIW prototypes are shown in Fig. 5(b)-5(d) with the
length of 46.8 mm, 52.0 mm, and 91.0 mm, respectively.
III. MEASUREMENT RESULTS
All three HSIW prototypes were attached with relaunch-
able SOUTHWEST 2.4-mm coaxial connectors mounted on
both sides of the microstrip feed lines. The S-parameters
were measured using Agilent E8361A PNA Microwave
Network Analyzer with two-port Short-Open-Load-Through
(SOLT) calibration, bringing the S-parameter reference plane
to the ends of the coaxial cables used for further coax-
ial connector terminations. The frequency range was set to
15 GHz – 40 GHz on the PNA with 3201 frequency points.
Figure 6 compares the measured and simulated reflection,
S11, and transmission coefficients, S21, of the fabricated
HSIW prototype with the length of 91.0 mm. The measured
reflection coefficient, S11, of the 3D-printed HSIWwas lower
than −10 dB over the operational band of 21–31 GHz while
the S21 is better than −3.56 dB for the entire selected band.
Fig. 6 also shows the effect of the 2.4mm coaxial connectors
on the S-parameters of the 3D printed HSIW. However, since
the multiline technique is used to calculate the transmission
line loss, the effect of the coaxial connectors is removed after
the mathematical calculations.
By using the multiline calculation technique [48], [49],
the phase and attenuation constants of the 3D-printed
HSIWs can be extracted from the measured and simulated
S-parameters as shown in Fig. 7. Over the whole opera-
tional band from 21 – 31 GHz, the average attenuation con-
stant extracted from the simulated results without and with
2.4-mm coaxial connectors are 0.629 Np/m and 0.636 Np/m,
respectively, while the measured attenuation constant has
an average value of 1.56 Np/m. The main reasons for the
propagation loss difference come from the fact that the dielec-
tric and metal materials used in the designs are more lossy.
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TABLE 3. Key Parameters Comparison of Measurement Results of This Work With Other Published Work.
Also, the electrical connections between the patterned copper
sheets and prefabricated through-substrate copper vias are not
perfect. Specifically, during the assembly process, the ready-
to-use through-copper vias were placed one-by-one into the
etch-hole arrays of the copper sheets and, subsequently,
attached to the HSIW structure. Then, commercial prefab-
ricated copper vias were pressed with the mechanical PCB
through-hole-plating press machine, which slightly affect the
copper via shape due to the slightly high manually pressing
force. Fortunately, this fabrication process can be further
optimized and automated in the future. Even with someminor
fabrication and assembly issues, the 3D-printed HSIWs can
achieve the average signal propagation loss of 1.56 Np/m,
which is among the lowest attenuation loss published to
date. In Fig. 7, the extracted phase constant of the measured
S-parameter results is also plotted and compared to the one
calculated from the simulations with and without the 2.4-mm
coaxial connectors.
Table 3 presents the key parameter comparisons between
the 3D-printed HSIWwith other state-of-the-art SIW designs
with a similar frequency range recently reported [24], [26],
[28], [29]. The substrate material used in this work is stan-
dard ABS, which is inexpensive when compared with the
other commercially-available microwave substrate materials
in [24], [26], [28], [29], e.g., Roger 5880, Roger 6002 and
FIGURE 7. Extracted propagation characteristics of the 3D-printed HSIW
comparing phase and attenuation constants calculated from the
measured and simulated S-parameters over the nominal frequency band
from 21-31 GHz.
LTCC. In [24], [28], [29], the fabrication process uses
a CNC/Laser micro-milling machine to manufacture the
devices, which are comparatively expensive compared with
3D printing technology. Moreover, most of SIW fabrications
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FIGURE 8. Potential applications of the HSIW: (a) HSIW conformal
structure used as a communication medium on the arm of a robot and
(b) MIMO HSIW slotted array antenna using in the 5G/6G communication
systems.
rely critically on the fabrication of the through-substrate vias
and via metallization, which are normally very complicated
and costly, especially at high frequencies. The new idea in
combining 3D printing technology and using commercial
prefabricated through-substrate vias eliminates the afore-
mentioned issues, e.g. fabrication complexity and overall
development costs, and, thus, opens a new opportunity
in developments of very low cost and less complex high
frequency integrated components and devices for many
applications such as 5G, IoT and high speed robotic
communications.
IV. POTENTIAL APPLICATIONS
As presented in this article, the performance of the HSIW
using 3D printing technology to fabricate the hollow substrate
channels is excellent. It has advantages of stability, broadband
design, low-cost, low-profile design, lightweight, and the
possibility for mechanical flexibility. It offers a new degree
of design freedom for applications benefitting from the use
of conformal and flexible structures, which are now very
easy to fabricate compared with the conventional rectangular
waveguide structure.
Thus, the 3D-printed HSIW can be used in flexible con-
formal structures, such as in robotic communication sys-
tems where multiple transceiver RF chains are required and
the antennas are to be integrated into the mechanical body.
FIGURE 9. A comparison of emerging waveguide technologies in terms
of compactness, manufacturing cost, and RF performance as presented
in [54].
An example application is shown in Figure 8(a), illustrating
a flexible HSIW structure that could be used as a commu-
nication device on the arm of a robot. This HSIW can be
potentially designed with a flexible substrate, instead of the
rigid ABS material used for this work and therefore it can be
bent at an angle and wrapped around a conformal structure
e.g. a cylindrical shape.
Moreover, since 5G communication networks utilize
MIMO technology, this HSIW technology can be used to
implement antenna arrays. As illustrated in Figure 8(b),
the HSIW could be potentially used to realise a slot antenna
array in a MIMO configuration. The MIMO slot antenna
array provides enhanced gain and narrow beam width, giv-
ing new design flexibility and compatibility with integrated
circuits and other planar PCB circuits in millimeter wave
applications.
V. CONCLUSION
This article has described a novel methodology for the
fabrication of millimeter-wave HSIW structures based on
3D printing of the substrate, combined with laser cut-
ting of the conductors and pre-formed via-hole plugs. The
measured attenuation constant of the 3D-printed HSIW is
less than 1.56 Np/m over the operating frequency range
of 21-31 GHz, and a fractional bandwidth of 38.46% is
achieved. The 3D-printed HSIW is compact, low cost, broad-
band, low loss, and easy to fabricate and integrate with other
planar circuits. The measured results of the 3D-printed HSIW
show that the device can be applied to be used for 5G commu-
nication with easy integration of other RF passive and active
components such as filter, combiner/splitter, and antenna.
Figure 9 presented a comparison of key novel waveguide
technologies along with our proposed HSIW, in terms of
three key factors; compactness, manufacturing cost, and per-
formance [54]. There are five emerging waveguide (WG)
technologies presented in the graph; the multi-layer waveg-
uide [55], gap waveguide [56], 3D printed waveguide [57],
micromachined waveguide [58], and SIW [59] compared
with the 3D-printed HSIW. The 3D-printed HSIW in this
work has a compactness similar to the SIW techniques and
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a better performance and lower manufacturing cost than the
SIW. Although the 3D-printed HSIW has a slightly worse
performance compared with the 3D printed waveguide tech-
nique, overall the 3D-printed HSIW has low manufactur-
ing cost compared to the other technologies. This work has
proved the concept, but further work is required to further
optimize the fabrication process. The authors will seek to
optimize and develop the fabrication steps, such as reduc-
ing the thickness of copper sheet [60], using automatic via-
fabrication [61] and reducing the loss from the 3D-printed
substrate [62], [63] in future work.
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